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We explore the limits on lepton-flavor universality (LFU) violation in theories where the hierarchy
problem is solved by means of a warped extra dimension. In those theories LFU violation, in fermion
interaction with Kaluza-Klein modes of gauge bosons, is provided ab initio when different flavor of
fermions are differently localized along the extra dimension. As this fact arises from the mass pattern
of quarks and leptons, LFU violation is natural in this class of theories. We analyze the experimental
data pointing towards LFU violation, as well as the most relevant electroweak and flavor observables,
and the LFU tests in the µ/e and τ/µ sectors. We find agreement with RK(∗) and RD(∗) data at
95% CL, provided the third generation left-handed fermions are composite (0.14 < cbL < 0.28 and
0.27 < cτL < 0.33), and find the absolute limits RK(∗)
>∼ 0.79 and RD(∗)/RSMD(∗) <∼ 1.13. Moreover
we predict B(B → Kνν¯) >∼ 1.14 × 10−5 at 95% CL, smaller than the present experimental upper
bound but a few times larger than the Standard Model prediction.
I. Introduction.– In recent years lepton-flavor univer-
sality (LFU) has been challenged by several experimen-
tal results. The LHCb Collaboration has determined the
branching ratio B(B¯ → K¯``) (` = µ, e) for muons over
electrons, for 1 < q2/GeV 2 < 6, yielding [1]
RK =
B(B¯ → K¯µµ)
B(B¯ → K¯ee) = 0.745
+0.090
−0.074 ± 0.032 , (1)
and very recently the same tendency has been shown for
the ratio [2]
RK∗ =
B(B¯ → K¯∗µµ)
B(B¯ → K¯∗ee) =
{
0.660+0.110−0.070 ± 0.024
0.685+0.113−0.069 ± 0.047
(2)
for 0.045 < q2/GeV 2 < 1.1 and 1.1 < q2/GeV 2 < 6,
respectively. Given that the Standard Model (SM) pre-
diction is RK(∗) = 1.00 ± 0.01 [3], the departure of both
observables is ∼ 2.5σ, which suggests LFU violation in
the process b→ s``.
Moreover, the charged current decays B¯ → D(∗)`−ν¯`
have been measured by the BaBar [4], Belle [5] and
LHCb [6] Collaborations which measure
RD(∗) =
B(B¯ → D(∗)τ−ν¯τ )
B(B¯ → D(∗)`−ν¯`) , (` = µ or e) . (3)
The averaged experimental results
RD = 0.403± 0.047, RD∗ = 0.310± 0.017 (4)
again depart from the SM predictions RSMD = 0.300 ±
0.011, RSMD∗ = 0.254± 0.004 by ∼ 2.2σ and 3.3σ, respec-
tively, although the combined deviation is ∼ 4σ. This
again suggests LFU violation in the process b→ cτ ν¯τ .
If (some of) the previous B-anomalies were confirmed,
they would constitute an inevitable proof of the existence
of new physics (NP) beyond the SM. In this letter we
would concentrate in a class of NP scenarios, motivated
by the solution of the SM hierarchy problem, where LFU
violation is implemented ab initio: models with a warped
extra dimension [7], where SM fermions are propagating
in the bulk.
Theories with a warped geometry are characterized by
a five-dimensional (5D) metric A(y), such that ds2 =
e−2Aηµνdxµdxν + dy2, and two branes located at the ul-
traviolet (UV) y = 0, and infrared (IR) y = y1, such
that A(y1) ' 35 to solve the SM hierarchy problem. In
the absence of a stabilizing scalar field φ the metric is of
type AdS5 [7] and the radion potential is flat. To fix the
interval length we have to introduce the stabilizing field
φ with a bulk potential, and brane potentials fixing its
values at φ(0) and φ(y1). A simple way of solving the
5D gravitational equations of motion is by introducing a
superpotential function W (φ), which transforms the orig-
inal equations into linear differential equations that can
easily be solved. In this paper we will consider the case
where W (φ) goes asymptotically as an exponential [8],
and the metric acquires a strong deformation of confor-
mality near the IR brane, which triggers a small mis-
match between the physical Higgs profile and the gauge
KK modes, thus suppressing the electroweak observables.
Moreover we will consider the superpotential W (φ) =
6k(1 + eaφ)b [8] where a and b are real parameters. We
will make the choice a = 0.15, b = 2, as in Ref. [9]
where many details of the formalism can be found. In
this case we can consider all the SM fields as 5D fields
propagating in the bulk of the extra dimension. In par-
ticular the SM fermions fL,R are the zero modes of 5D
fermions Ψ(y, x) with appropriate boundary conditions
and a 5D Dirac mass term MfL,R(y) = ∓cfL,RW (φ(y)).
Partly composite fermions in the dual holographic the-
ory, with cfL,R < 0.5 (almost elementary fermions, with
cfL,R > 0.5) are localized towards the IR (UV) brane and
thus interact strongly (weakly) with KK modes, which
are IR localized. As we will see, assuming a different
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2degree of compositeness for different lepton and quark
flavors in the dual theory amounts to imposing the LFU
violation that experimental data seem to suggest.
II. The model.– We will now consider a 4D theory
which contains, on top of the SM zero mode gauge,
fermion and Higgs fields, the KK excitations of gauge
bosons Znµ , γ
n
µ , W
n
µ . Interaction between zero modes
of fermion, Higgs and gauge boson fields are identi-
cal to the SM ones. Interaction of neutral gauge KK
modes Xn = Zn, γn, with profiles fnX(y), with zero mode
fermions, with profiles fL,R(y) in the weak basis, is given
by the neutral current Lagrangian
L = g
cW
∑
X,n
Xµn
(
f¯Lg
Xn
fL
γµfL + f¯Rg
Xn
fR
γµfR
)
, (5)
where gXnfL,R = g
X
fL,R
GnfL,R , and X = Z, γ, with the SM
couplings gZf = (T3f − Qfs2W ), gγf = QfsW cW , and the
overlapping integrals Gnf defined as
Gnf =
√
y1
∫
e−3AfnX(y)f
2(y)√∫
[fnX(y)]
2
∫
e−3Af2(y)
. (6)
Similarly the charged current interaction of KK modes
Wnµ with zero mode fermions is given by the Lagrangian
L = g√
2
∑
n
Wnµ
[
u¯iGdi
L
PLγ
µdi + ¯`iγ
µG`i
L
PLνi
]
. (7)
After electroweak symmetry breaking the quark
mass matrix is diagonalized by unitary transforma-
tions VuL,R and VdL,R . Flavor-changing neutral,
and charged, currents are generated in the mass
eigenstate basis from Lagrangians (5) and (7) by(
V †dL,RG
n
dL,R
VdL,R
)
ij
and
(
V †uLG
n
dL
VdL
)
ij
, as the ma-
trices GndL,R = diag(G
n
dL,R
, GnsL,R , G
n
bL,R
) are diagonal
but not proportional to the unit matrix. This phe-
nomenon generates LFU violation, absent in the SM,
which can explain experimental data on B-anomalies.
In particular b → s, and b → c, transitions are gen-
erated by the previous elements with (i = 3, j = 2),
i.e. (V ∗dL,R)k3G
n
dk
L,R
(VdL,R)k2 and (V
∗
uL)k3G
n
dk
L
(VdL)k2, re-
spectively. In the lepton sector we will neglect neutrino
masses. Moreover to prevent lepton flavor violation in
our theory, we are assuming that the 5D Yukawa cou-
plings are such that the charged leptons are diagonal in
the weak basis, so that V`L,R ' 1.
In the absence of a general (UV) theory, providing the
5D Yukawa couplings, we will just consider the general
form for these matrices by assuming that they reproduce
the physical CKM matrix V , i.e. they satisfy the con-
dition V ≡ V †uLVdL . Given the hierarchical structure of
the quark mass spectrum and mixing angles, we can then
assume for the matrices V , VdL and VuL Wolfenstein-like
parametrizations as
VdL =
 1− 12λ20 λ0 (VdL)13−λ0 1− 12λ20 Aλ2(1− r)
(VdL)31 −Aλ2(1− r) 1
 (8)
where (VdL)13 = Aλ
2λ0(1 − r)(ρ0 − iη0) and (VdL)31 =
Aλ2λ0(1 − r)(1 − ρ0 − iη0), with (λ, ρ, η) the parame-
ters of V . The matrix VuL is obtained from the condi-
tion VuL = VdLV
†. The values of (r, λ0, ρ0, η0) should be
consistent with the hierarchical structure of the matrix.
Moreover we will assume that VuR ' VuL and VdR ' VdL .
In the following we will also assume that the first
and second generation quarks respect the universal-
ity condition. This implies an approximate accidental
U(2)qL⊗U(2)uR⊗U(2)dR global flavor symmetry, which
is only broken by the Yukawa couplings [10]. For sim-
plicity in our numerical analysis we will moreover choose
cq1
L
= cq2
L
≡ cqL = 0.60, as well as cuR = ccR = cdR =
csR ≡ cqR = 0.60.
Finally the leading flavor-violating couplings of the KK
gluons GAnµ involving the down quarks are given by
Lds = gsGAnµ
[
d¯iγ
µtA
{
(V ∗dL)3i(VdL)3j
(
GnbL −GnqL
)
PL
+ (V ∗dR)3i(VdR)3j
(
GnbR −GnqR
)
PR
}
dj + h.c.
]
(9)
where tA are the SU(3) generators in the triplet repre-
sentation, and a similar expression holds for the up sector
Lus by replacing d→ u and b→ t in (9).
III. The effective theory.– After integrating out the
gauge boson KK modes Zn and γn we obtain the ef-
fective operators contributing to the ∆F = 1 transitions
Leff = GFα√
2pi
V ∗tsVtb
∑
i
CiOi , (10)
where the Wilson coefficients Ci = C
SM
i + ∆Ci are the
sum of the SM contribution, CSMi , and the NP one, ∆Ci.
The sum includes the semileptonic operators
O(′)`9 = (s¯γµPL(R)b)(¯`γµ`), O(′)`10 = (s¯γµPL(R)b)(¯`γµγ5`)
(11)
and the corresponding Wilson coefficients are given by
∆C
(′)`
9,10 = ∓(1− r)
∑
X,n
2pig2gXn`V,A
(
gXnbL(R) − gXnqL(R)
)
√
2GFαc2WM
2
n
(12)
where gXnfV,A = (g
Xn
fL
±gXnfR )/2, while CSM9 ' −CSM10 ' 4.2.
In particular the RK observable in Eq. (1) is given by
RK =
|Cµ9 + C ′µ9 |2 + |Cµ10 + C ′µ10|2
|Ce9 + C ′e9 |2 + |Ce10 + C ′e10|2
. (13)
We also obtain the effective Lagrangian
Leff = C
t`
n
M2n
(t¯Lγµt)(`Lγ
µ`L)+
Cbνn
M2n
(t¯LγµbL)(τ¯ γµν) (14)
3where
Ct`n = −
g2
c2W
(
gZnuL g
Zn
`L
+ gγnuLg
γn
`L
)
, Cbνn = −
g2
2
GnbLG
n
τL .
(15)
The Lagrangian (14) will give rise after radiative cor-
rections to leading modifications of the coupling, ∆gZ`L ,
and the LFU violation process τ → `νν, proportional to
Y 2t [11], where Yt is the top Yukawa coupling, as it has
been seen in Refs. [9, 11].
Similarly, after integrating out the KK modes Wn we
obtain the effective operator
Leff = −4GF√
2
Vcb
∑
`
C`(c¯γµPLb)(¯`γµν`) (16)
with Wilson coefficients
C` =
∑
n
(m2W /m
2
W (n))
[
GnqL + r(G
n
bL −GnqL)
]
Gn`L .
(17)
The corrections to the RD(∗) observables from the effec-
tive operators are given, in terms of the Wilson coeffi-
cients, as [12]
RD(∗)(C
τ , Cµ) = 2RSMD(∗)
|1 + Cτ |2
1 + |1 + Cµ|2 . (18)
Finally NP contributions to ∆F = 2 processes come
from the exchange of gluon KK modes Gn. After inte-
grating out Gn, the couplings in Eq. (9) give rise to a set
of ∆F = 2 dimension-six operators [10] as e.g.
L∆F=2 =
∑
n
c
LL(n)
dij
M2n
(diLγ
µdjL)(diLγµdjL) (19)
where
c
LL(n)
dij =
g2s
6
[
(V ∗dL)3i(VdL)3j
]2 (
GnbL −GnqL
)2
, (20)
and similarly for other chiralities and for up quarks. For
more details see Ref. [10].
IV. Fitting the B-anomalies.– We will now adjust the
B-anomalies in the b→ s(c)`` processes. We have to first
fix the model parameter r in the transformation matri-
ces. In Ref. [9] we have used r < 1 (and composite µL) to
avoid any possible fine-tuning (∼ 100/r %) in the deter-
mination of the CKM matrix out of the transformations
VuL,dL . However as the observables RD(∗) are paramet-
rically ∝ r we found a strong tension with electroweak
observables. Here we will relax the previous condition
and explore values r > 1 for which, as we will see, the
solution to the RK(∗) anomaly is qualitatively different,
as µL turns out to be elementary. We will consider for
the moment r = 2.3 (and mKK = 2 TeV) for which the
fine-tuning is pretty moderate (∼ 40%). In Fig. 1 we
show in the plane (cbL , cτL) the allowed region at 95%
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FIG. 1: Allowed region coming from RD(∗) (white region) and
forbidden from σ(bb¯ → Zn)B(Zn → ττ) in pb (grey region).
The orange region is forbidden by the constraint on gZτL .
CL (between the blue solid lines) from the experimental
values of RD(∗) (blue region is excluded). We superim-
pose the experimentally excluded region from direct ττ
production in bottom-bottom fusion [13] (grey band) and
the contour lines for σ(bb¯→ Zn)B(Zn → ττ) in pb which
can provide in the future stronger constraints. We have
considered cµL = 0.60 and ctR = 0.50.
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FIG. 2: Region in the (cbL , cµL) plane that accommodates the
2σ region ∆Cµ9 . The green band corresponds to the excluded
region by flavor constraints.
Global fits to ∆C
(′)µ
9,10 have also been performed in
the literature by using a set of observables, including
the branching ratios for B → K∗``, Bs → φµµ and
Bs → µµ, in Refs. [14–16]. As experimental data fa-
vor ∆Cµ9 ' −∆Cµ10, we have fixed cµR = 0.5 which pro-
4vides the latter relation. We have also used ceL = 0.5
which leads to ∆Ce9 ' ∆Ce10, consistent with the RK(∗)
anomaly. In addition we have considered ceR = 0.85 and
cbR = 0.55. Using the recent multi-observable fit (which
includes RK(∗)) from Refs. [14, 16] we get the 2σ interval
∆Cµ9 ∈ [−0.99,−0.38]. We show in the plot of Fig. 2
the region in the (cbL , cµL) plane that accommodates the
previous constraint on ∆Cµ9 , which leads to cbL
<∼ 0.20,
along with contour lines of ∆Cµ9 .
V. Constraints.– The main constraints are those from
the experimental value of the coupling gZτL and LFU
tests, as e.g. τ → µνν, as well as constraints from flavor
physics. The SM value of gZτL receives tree-level correc-
tions from KK modes of gauge bosons and fermions and
leading loop corrections to the Wilson coefficient Ctτn in
(15) proportional to Y 2t
∆gZ`L '
v2
M2n
1
16pi2
(
3Y 2t C
t`
n log
Mn
mt
+O(g4)
)
. (21)
Using the experimental value from the fit of Ref. [17]
gZτL = −0.26930 ± 0.00058, we can exclude a region in
the plane (cbL , cτL), the orange region in Fig. 1.
The value of RD(∗) has also to agree with flavor univer-
sality tests in tau decays. In particular the observables
Rτ/`τ =
B(τ → `νν¯)/B(τ → `νν¯)SM
B(µ→ eνν¯)/B(µ→ eνν¯)SM , (` = µ, e) (22)
are subject to the experimental bounds [11, 18], R
τ/µ
τ ∈
[0.996, 1.008] and R
τ/e
τ ∈ [1.000, 1.012] at 95% CL. In
our model, fixing ceL = 0.5 implies that R
τ/e
τ = 1 while,
including the relevant one-loop radiative corrections to
Cbνn [11], we can write the R
τ/µ
τ observable as [9, 11]
Rτ/µτ = 1 + 2
m2W
m2
W (n)
GnτL(G
n
µL − 0.065GnbL) . (23)
The region excluded in the (cbL , cτL) plane is shown in
red in Fig. 3 which is a blow up of Fig. 1. The allowed
region by both R
τ/µ
τ and RD(∗) is the white region in
Fig. 3. We have considered cµL = 0.60.
Finally flavor constraints have been thoroughly con-
sidered in Refs. [9, 10]. In this paper we will consider
the leading (model independent) constraints coming from
LL chiralities in Eqs. (19) and (20). Indeed constraints
coming from RR chiralities are not important, as we are
considering the third generation right-handed quarks UV
localized, while constraints coming from LR chiralities
are always subleading for appropriate regions of the 5D
Yukawa couplings
√
kY 5Dt , as we have seen in Ref. [9].
In the present case (i.e. for r = 2.3 and mKK = 2
TeV), and considering λ0 ' λ, satisfying strong flavor
constraints implies small values for the parameters η0
and ρ0 in (8). In particular they must satisfy the bounds
η0 <∼ 0.01 η and ρ0 <∼ 0.2 ρ. Moreover we find the lower
bound cbL
>∼ 0.15, the green band in Figs. 2 and 3.
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FIG. 3: Red region in the plane (cbL , cτL) is forbidden by
R
τ/µ
τ , while blue region is forbidden by RD(∗) . Dashed and
solid (brown) lines are contour lines for Rν
K(∗) and R
τ
K(∗) , re-
spectively. The green region is forbidden by flavor constraints.
We have considered r = 2.3.
VI. Predictions.– If there is a contribution to the pro-
cess B → K(∗)µµ, contributions to B → K(∗)ν¯ν and
B → K(∗)ττ will also be generated and will consti-
tute the smoking guns for this model. For the process
B → K(∗)νν¯ we define the observable Rν
K(∗) , as
B(B → K(∗)νν¯)
B(B → K(∗)νν¯)SM '
∑
` |CSMν + (∆Cν` + ∆C ′ν`)|2
3|CSMν |2
(24)
where B(B → Kνν¯)SM = (3.98 ± 0.47) × 10−6, B(B →
K∗νν¯)SM = (9.18 ± 1.00) × 10−6 [19], and CSMν = −6.4.
The R ν
K(∗) observables are encoded by the operators
O(′)ν` = (s¯L(R)γµbL(R))(ν¯`γµ(1− γ5)ν`) (25)
and Wilson coefficients,
∆C(′)ν` = −
(1− r)pig2(gZnbL(R) − gZnsL(R))gZnν`√
2GFαc2WM
2
n
. (26)
The experimentally excluded region at 90% CL is [20]
B(B → K(∗)νν¯) > 1.6× 10−5 (2.7× 10−5). In Fig. 3 we
show the (dashed) contour lines of R ν
K(∗) for r = 2.3. The
allowed region is consistent with 3.85 <∼ RνK(∗) <∼ 3.96,
leading to 1.18 × 10−5 <∼ B(B → Kνν¯) <∼ 1.94 × 10−5,
2.78× 10−5 <∼ B(B → K∗νν¯) <∼ 4.41× 10−5 at 95% CL.
A similar analysis can be done with the ratio RτK , as
B(B → Kττ)
B(B → Kττ)SM =
|Cτ9 + C ′ τ9 |2 + |Cτ10 + C ′ τ10 |2
2
∣∣CSM9 ∣∣2 (27)
which has been measured by the BaBar Collaboration
providing the 90% CL bound B(B → Kττ) < 2.25 ×
510−3 [21], much larger than the SM prediction B(B →
Kττ)SM = (1.44 ± 0.15) × 10−7 [22]. We also show in
Fig. 3 (solid) contour lines of constant RτK , where we have
used cτR = 0.55. From this plot we see that the allowed
region is consistent with 13.2 <∼ RτK <∼ 13.7, pretty far
from forthcoming experimental results.
VII. Conclusions.– In this paper we have explored the
capabilities of warped models to accommodate LFU vi-
olation. Throughout we have used the particular value
r = (VuL)32/Vcb = 2.3, which amounts to a 40% tun-
ing in the determination of the CKM matrix. The range
of possible values of r consistent with all experimental
data is shown in Fig. 4 from where we obtain the range
2.2 <∼ r <∼ 2.8. We find agreement with RK(∗) and RD(∗)
2.0 2.5 3.0 3.5
0.05
0.10
0.15
0.20
0.25
0.30
0.35
r
c b
L
FIG. 4: Region in the space of parameters (r, cbL) compatible
with ∆C9 (red), RD(∗) , R
τ/µ
τ (blue), and flavor constraints:
down quarks (grey) and up quarks (green). We have consid-
ered cµL = 0.6.
data at 95% CL, provided the third generation of left-
handed fermions is composite, as 0.14 < cbL < 0.28
and 0.265 < cτL < 0.33. Moreover we obtain the ab-
solute limits RK(∗) > 0.79 and RD(∗)/R
SM
D(∗) < 1.13. Fi-
nally our model predicts, for any value of the param-
eters, the absolute range 3.74 <∼ RνK(∗) <∼ 5.20 , lead-
ing to 1.14 × 10−5 <∼ B(B → Kνν¯) <∼ 2.55 × 10−5,
2.70 × 10−5 <∼ B(B → K∗νν¯) <∼ 5.79 × 10−5 at 95%
CL, on the verge of experimental discovery or exclusion.
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